Nucleotide polymorphism at 12 nuclear loci was studied in Scots pine populations across an environmental gradient in Scotland, to evaluate the impacts of demographic history and selection on genetic diversity. At eight loci, diversity patterns were compared between Scottish and continental European populations. At these loci, a similar level of diversity (y sil ¼ B0.01) was found in Scottish vs mainland European populations, contrary to expectations for recent colonization, however, less rapid decay of linkage disequilibrium was observed in the former (r ¼ 0.0086 ± 0.0009, r ¼ 0.0245 ± 0.0022, respectively). Scottish populations also showed a deficit of rare nucleotide variants (multi-locus Tajima's D ¼ 0.316 vs D ¼ À0.379) and differed significantly from mainland populations in allelic frequency and/or haplotype structure at several loci. Within Scotland, western populations showed slightly reduced nucleotide diversity (p tot ¼ 0.0068) compared with those from the south and east (0.0079 and 0.0083, respectively) and about three times higher recombination to diversity ratio (r/y ¼ 0.71 vs 0.15 and 0.18, respectively). By comparison with results from coalescent simulations, the observed allelic frequency spectrum in the western populations was compatible with a relatively recent bottleneck (0.00175 Â 4N e generations) that reduced the population to about 2% of the present size. However, heterogeneity in the allelic frequency distribution among geographical regions in Scotland suggests that subsequent admixture of populations with different demographic histories may also have played a role.
Introduction
Nucleotide polymorphism is influenced by several factors including mutation, migration, selection and random genetic drift. In tree species, the current increase in sequence data gathered from nuclear gene loci has been driven mostly by the search for the molecular signature of natural selection Neale and Ingvarsson, 2008; Achaz, 2009) . Selection can leave its traces as deviations from neutrality in the level of nucleotide diversity, allele frequency distribution or correlation between polymorphic sites (linkage disequilibrium (LD)) (Achaz, 2009 ). However, the capability to detect selection at individual loci is heavily dependent on the assumptions of the neutral model (for example, constant long-term population size and random mating), the strength of, and time since, selection and the number of loci involved (and their relative effect) in selectively influenced traits (Wright and Gaut, 2005) . Therefore, before testing for selection, data sets must be evaluated for violations of neutral model assumptions. Such processes, for example, historical changes in population size and distribution, may drive deviations from neutrality that mimic the effect of selection. However, these effects are expected to be genome wide and so can be distinguished from selective influences by simultaneous assessment of data from multiple loci. Although the patterns of variation in the majority of nuclear loci studied to date obey neutral expectations and the signature of selection has been elusive polymorphisms at nuclear loci provide highly valuable insights into evolutionary history (Heuertz et al., 2006; Pyhäjärvi et al., 2007) .
All northern European tree populations have experienced substantial historical changes in distribution. For example, palynological and phylogeographical data indicate that, during the last glacial maximum (25-18 000 years ago (ya)), most species were confined to the southern peninsulas (Iberia, Italy and the Balkans) and some parts of eastern and central Europe (Willis and van Andel, 2004; Cheddadi et al., 2006; Pyhäjärvi et al., 2008) and only reached their most northerly limits around 9000 ya. The recolonization history of forest trees, accompanied by adaptation to local environments, has potentially influenced the pattern of nucleotide diversity both among locally adapted populations and between rangeedge populations and putative refugial populations. In theory, population bottlenecks reduce nucleotide diversity in range-edge populations relative to that in source populations, although this is dependent on the timing and severity of the bottleneck. In contrast, admixture of populations due, for example, to recolonization from different refugia, may increase diversity (Petit et al., 2003) . However, recent studies in continental European populations of Scots pine and Norway spruce (Heuertz et al., 2006) found little evidence at the nucleotide level for the effects of recent (post-glacial) population size changes during migration and suggested bottlenecks in the mid-to-late Pleistocene. In addition, similar to other predominantly outcrossing tree species with highly efficient longdistance gene flow by pollen (Hamrick et al., 1992) , neutral genetic differentiation between Scots pine populations is low. For instance, marginal population differentiation was reported for neutral markers between Finnish populations (Karhu et al., 1996) , between Scandinavian and eastern parts of the range (Wang et al., 1991) and, at several candidate gene loci for growth phenology and cold tolerance, among populations along a latitudinal cline in continental Europe (Dvornyk et al., 2002; García-Gil et al., 2003) . The large population sizes of forest trees and capability for maintenance of high levels of genetic variation within populations seems to further buffer against rapid changes in genetic diversity, but causes difficulties in detection of recent demographic processes. If the migrations following the most recent glaciations are to have left any signature at all in contemporary populations of forest trees, it seems likely to be detectable only where populations have experienced severe bottlenecks or became rapidly isolated.
In Scotland, Scots pine (Pinus sylvestris L.) is at the extreme north-western edge of its vast distribution, which reaches across Europe and Asia and is the largest of any pine species (Critchfield and Little, 1965) . Pines first colonized the land that became the British Isles about 10 000 ya, at around the time that Ireland became isolated, and reached northern Scotland by about 9000 ya (Huntley and Birks, 1983; Svendsen et al., 1999) . According to fossil data in Scotland, pine first appeared in the Wester Ross region in the northwest, and then shortly afterwards in the Cairngorms in the east (Birks, 1989) . The subsequent formation of the English Channel (c.6000 ya) and competition from broadleaved species in southern Britain left Scottish pinewoods physically separated by at least 500 km from mainland populations in continental Europe. Nowadays, native pinewoods in Scotland cover about 18 000 hectares, in 84 differently sized fragments patchily distributed within a B 200 Â 200 km area across significant environmental gradients in altitude, soil type, growing season length and annual rainfall mainly in the east-west direction (for example, annual rainfall varies from 700 to 3000 mm across 160 km) (Mason et al., 2004) . Small-scale provenance experiments have shown genetic variation between Scottish populations from different locations, for example, in root frost hardiness and growth in seedlings (Perks and McKay, 1997) and differentiation among populations at several quantitative traits (Perks and Ennos, 1999) . There is reasonable evidence from pollen (Birks, 1989) , allozymes, monoterpenes and mtDNA (Kinloch et al., 1986; Sinclair et al., 1998) suggesting a west/east population subdivision within Scotland and that populations from these regions may have different origins (Ballantyne and Harris, 1994; Bennett, 1995) . Given the iconic status of Scots pine in Scotland and the severe fragmentation of the population, there is considerable interest in evaluating its population history.
In this study, we focus on the Scottish Scots pine population as a unique and isolated oceanic fragment at the northwest extreme of the distribution to assess whether recent demographic processes have influenced patterns of nucleotide variation. We analyzed patterns of nucleotide diversity, allele frequency and LD in a multilocus nuclear gene data set in samples gathered from multiple locations within putatively divergent regions within Scotland and compared our data with those from samples from northern and central Europe, Turkey and Spain. Using this data and coalescent simulation analysis, we aimed to assess whether Scottish populations show the molecular signature of demographic history and the extent to which they are differentiated from those in continental Europe.
Materials and methods
Sampling and DNA extraction Seed samples from 21 locations in Scotland were included in the study (Figure 1 ). The trees were sampled across an environmental gradient related to differences in altitude, length of growing season, annual rainfall and average mean temperature in winter (Supplementary  Table S1 ). Cones were collected from mature trees in recognized old-growth Scots pine forest; at these sites trees are typically over 150 years old and are often much older (Steven and Carlisle, 1959) . Trees were separated by at least 50 m to minimize sampling of closely related individuals. Sampling included the seven currently adopted seed zones of the species in Scotland, from each of which three locations were sampled, two individuals per location.
For most of the between-population analyses the samples were grouped according to climatic characteristics into three geographical locations-western, southern and eastern, represented by 18, 12 and 12 individuals, respectively (Figure 1, Supplementary Table S1 ). The western group has the lowest mean altitude (B142 m), the longest growing season (B240 days), the highest mean temperature in winter (B2 1C) and high annual rainfall (B2000 mm). The eastern group has the highest mean altitude (B372 m), the shortest growing season (B175 days), and is the coldest (À0.1 1C) and driest (B1050 mm) part of the distribution, whereas southern group was intermediate between these extremes except for annual rainfall (B2130 mm). Field trials have demonstrated genetic differences in phenology and growth rate among provenances originating within these groups (Perks and Ennos, 1999) .
Genomic DNA was extracted from haploid megagametophyte, maternal tissue that surrounds the embryo in the seed. As DNA samples were haploid, the haplotypes could be determined by direct sequencing. In total, 42 DNA extracts were prepared, representing two different trees from each location. Seeds were germinated for a few days in moist petri dishes and then extracted following a standard CTAB (cetyltrimethylammonium bromide) protocol with addition of polyvinylpyrrolidone to 1% concentration in the lysis buffer.
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Loci studied
In total, 16 nuclear loci were analyzed. This included several dehydrin genes that were identified in expression studies in Scots pine (Joosen et al., 2006) . On the basis of the number and position of the conserved segments (Close 1997), we analyzed the class SK4 of dehydrins (dhn1), SK2 (dhn2) and a group of K2 genes (dhn3 and dhn7). We analyzed also SK type of dehydrin upregulated by water stress in Pinus taeda roots (Eveno et al., 2008) and a putative dehydrin (dhy-like) described for Scots pine . Other loci described in more detail in original papers include abscissic acid responsive protein (abaR) (Wachowiak et al., 2009) ; early response to dehydration 3 protein (erd3), abscissic acid, water dehydrative stress and ripening-induced gene family members 1 and 3 (lp3-1, lp3-3), Caffeoyl CoA O-methyltransferase (ccoaomt), putative arabinogalactan/proline-rich protein (PR-AGP4-1) and putative arabinogalactan/glycin-rich protein (grp3) (Eveno et al., 2008) ; ABI3-interacting protein 2 (a3ip2), alcohol dehydrogenase C (adhC) and chalcone synthase (chcs) .
In previous work, 10 loci (dhn1,2,3 and 7, dhy-like, dhy2PP, abaR, a3ip2, adhC and chcs) were analyzed in Scots pine from the continental European range, including 15 samples from Northern Europe (populations from Northern and Southern Finland and Sweden), 15 from Central Europe (Poland, Austria and France) and five from each of Turkey and Spain Wachowiak et al., 2009) . The reference sequences of eight loci in total (excluding dhy-like and adhC, see below) were compared with those from Scottish populations. The samples from the Iberian Peninsula and Turkey were treated separately in between-region comparisons as they display specific mitochondrial types not observed in the mainland European distribution of the species that suggests different histories and no contribution to recolonization after last glaciation (Soranzo et al., 2000; Pyhäjärvi et al., 2008) . Nucleotide diversity in Scots pine W Wachowiak et al PCR amplification and sequencing PCR-amplification was performed with PTC-200 (MJ Research, Waltham, MA, USA) and carried out in a total volume of 25 ml containing about 10 ng of haploid template DNA, 50 mm of each of dNTP, 0.2 mM of each primer and 0.25U Taq DNA polymerase with the respective 1 Â PCR buffer (NovaZyme, Poznan, Poland). PCR followed standard amplification procedures with MgCl 2 concentration optimized for each primer pair as described in Supplementary Table S2 . PCR fragments were purified using QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). About 20 ng of PCR product was used as a template in 10 ml sequencing reactions with the Big Dye Terminator DNA Sequencing Kit (Applied Biosystems, Carlsbad, CA, USA) performed by the GenePool sequencing service, University of Edinburgh. All samples were sequenced in both directions. CodonCode Aligner software (CodonCode Corporation, Dedham, MA, USA) was used for editing and assembling of the sequence chromatograms to produce alignments on the basis of the nucleotide sequence from both DNA strands. Haplotype sequences of each locus reported in this paper are deposited in the EMBL sequence database under accession numbers GQ262040-GQ262490.
Sequence analysis
High-quality sequences were obtained for most of the samples at 12 loci (Table 1) . PCR amplification or sequencing failed in most of the samples at dhy-like, adhC and grp3 and these loci, together with PR-AGP4-1 that was monomorphic across all 42 samples, were excluded from further analysis. Nucleotide sequence alignments were constructed in ClustalX and were further manually adjusted using GenDoc. All sequence polymorphisms were visually rechecked from chromatograms edited with BioEdit. Coding and non-coding regions (introns, untranslated regions) were annotated on the basis of National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) sequence information at each locus and web-based gene identification tool at PlantGDB (http://www.plantgdb.org/cgibin/ PlantGDB/GeneSeqer/PlantGDBgs.cgi). The influence of demography on the multi-locus pattern of variation and locus-specific effects were assessed by looking at the amount of nucleotide diversity, correlation between polymorphic sites and allelic frequency distribution between different geographical locations in Scotland and in comparison to mainland populations of the species and by comparing observed statistics with simulated values under a range of demographic scenarios. Neutrality tests at intraspecific level were applied to search for departures from a neutral model of evolution. Sequences from Pinus pinaster were used as an outgroup for intraspecific comparisons to test for a signal of longerterm selection.
Nucleotide diversity
Two measures of nucleotide diversity were applied: (1) an average number of nucleotide differences per nucleotide site between two sequences p, (Nei, 1987) calculated with DNAsp 4.0, Librado and Rozas (2009) and (2) Watterson's (1975) estimate of the population mutation parameter, theta (y W , equal to 4N e m, where N e is the effective population size and m is the mutation rate per nucleotide site per generation), computed on basis of the number of segregating sites and the length of each locus using MCMC simulation under a Bayesian model as previously described . The estimates of nucleotide diversity were conducted for all samples combined and separately for south, east and west regional groups of Scottish populations. Scottish and continental European populations were compared at eight loci for which informative data was available Wachowiak et al., 2009) . Exceptionally high nucleotide diversity was found at lp3-3 locus compared with other loci in our data set. Owing to the size of the conifer genome and the occurrence of multi-gene families (Ahuja and Neale, 2005) , erroneous co-amplification of different loci from the same family is possible and may account for unusual diversity estimates at specific loci. Therefore, locus lp3-3 was excluded from multi-locus or average estimates reported in the study to avoid bias and ensure that estimates were conservative; the locus was included in population structure analysis and coalescent simulations. Number of indels and length range in parenthesis.
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Linkage disequilibrium and haplotype diversity The level of LD was measured as the correlation coefficient r 2 (Hill and Robertson, 1968 ) using informative sites. Indels and sites with three-nucleotide variants identified in dhn1 (3), dhy2PP (1) were excluded from the analysis. Under the mutation-drift-equilibrium model, the decay of LD with physical distance was estimated using non-linear regression of r 2 between polymorphic sites and the distance (in base pairs) between sites as detailed in Wachowiak et al. (2009) . The nonlinear least-squares estimate of r (r ¼ 4N e c, where N e is effective population size, c is the recombination rate) between adjacent sites was fitted by the nls-function implemented in the R statistical package (http://www. r-project.org). The overall and group-specific leastsquares estimates of r were computed and compared with other estimates in Scots pine Wachowiak et al., 2009) .
The number of haplotypes and haplotype diversity (H d ) were estimated for each gene using DNAsp. Insertions and deletions were included in all estimates. Coalescence simulations with locus-specific or average r for six loci and without recombination were used to assess whether there are more or fewer haplotypes than expected and whether haplotype diversity is higher or lower than expected given the number of segregating sites. The number of haplotypes and haplotype diversity were calculated for all samples combined and separately for the three regional groups of Scots pine in Scotland.
Neutrality tests
Deviations of particular genes from the frequency distribution spectrum under the standard neutral model of evolution were assessed with Tajima's D test (Tajima, 1989) and Fay and Wu's H (Fay and Wu, 2000) . Negative values of Tajima's D indicate an excess of low frequency polymorphisms consistent with positive directional selection or recent population expansion, whereas positive values indicate an excess of intermediate frequency polymorphism potentially due to balancing selection or population contraction. Fay and Wu's H test measures departures from neutrality on the basis of the high-frequency derived alleles. An excess of highfrequency derived alleles compared with neutral expectations may result from recent positive selection or strong population structure with uneven sampling from populations. The distribution of test statistics was investigated for each locus for all populations combined and separately for the three regional groups. Multi-locus estimates of Tajima's D were assessed with HKA software (http://lifesci.rutgers.edu/~heylab). The estimates were also calculated along the sequence of each locus by a sliding window of 100 sites with successive displacement of 25 sites. As lack of recombination makes the D test overly conservative (Thornton, 2005) , the significance of locus-specific and multi-locus Tajima's D was also evaluated by coalescent simulations dependent on population mutation and recombination rate (MANVa software www.ub.edu/softevol/manva, on the basis of the coalescent program ms, Hudson, 2002) . Different estimates of r, including locus-specific estimates, lowest and highest value across loci and average value for six loci were used in coalescent simulations. As similar probability values for multi-locus D statistics were observed in simulations with different recombination rate estimates, the results based on the average values of r at the analyzed loci are reported unless otherwise stated.
For tests based on nucleotide variation between species we used reference sequence data from P. pinaster for outgroup comparison. To assess the correlation between the level of nucleotide polymorphism and divergence at each locus we applied (1) the McDonald and Kreitman (1991) test, on the basis of comparison of the pattern of within-species polymorphism and between-species divergence at synonymous and nonsynonymous sites in a gene and (2) HKA test (Hudson et al., 1987) , which allows the detection of loci that demonstrate unusual patterns of polymorphism compared with divergence across genes. Comparison of multi-locus polymorphism and divergence at all sites was assessed using HKA software (http://lifesci.rutgers. edu/~heylab). The ratio of non-synonymous (Ka) and synonymous site (Ks) nucleotide divergence from the outgroup species (Hughes and Nei, 1988) was calculated using DNAsp.
Population structure
To check whether there was a geographical difference in allelic frequency spectra, regional groups of Scottish populations were compared with each other and to previously analyzed continental European populations from northern and central Europe, Spain and Turkey Wachowiak et al., 2009) . Genetic differentiation between the regions was studied locus by locus at both haplotype and single-nucleotide polymorphism/Indel level and also by averaging pairwise F ST over all polymorphic sites across loci. The significance of genetic differentiation was evaluated by 1000 permutations of the samples between groups using Arlequin ver. 3.0 (Excoffier et al., 2005) . Population structure from the haplotypic data was tested by S nn and K ST * statistics (Lynch and Crease, 1990; Hudson et al., 1992) , which are more appropriate for sequence-based haplotype data where diversity may be high and sample size low, rendering frequency-based approaches problematic. Their significance was evaluated using 1000 permutations, where samples were randomly assigned into different groups (Hudson, 2000) . Genetic clustering of the individuals on the basis of both full sequence data and all segregating sites and indels at 12 loci (for Scottish populations) and at 8 loci (for Scottish and mainland European populations) was conducted using BAPS 5.2 (Corander and Tang, 2007) . Polymorphic sites from each locus were treated as linked molecular data to account for dependence between segregating sites in the gene. Completely linked sites (r 2 ¼ 1) were excluded from the analysis.
Coalescent simulations
To further infer the demographic history of Scottish Scots pine populations we compared the observed distribution of average Tajima's D and Fay and Wu's H at the candidate loci separately in the western, southern and eastern group and in all geographical regions combined to the simulated values under several demographic scenarios, including the standard neutral model (constant population size), growth model and bottleneck model followed by exponential growth (Supplementary Figure S4 ). Regional groups of populations were
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analyzed separately as detailed aspects of the frequency spectrum may differ between groups that are not differentiated on the basis of the genetic clustering methods . Coalescent simulations were run independently for each locus and various demographic scenarios using the program ms (Hudson 2002 ) and the approach described by Haddrill et al. (2005) . In each case, 5000 replicates were simulated for each locus. The analyses were performed with recombination using the locus-specific (when available) or average value of r per site for the analyzed loci in each geographical group (Table 2, Supplementary Table S3) . We tested various bottleneck scenarios of different age and severity. The time from the end of the bottleneck (measured in units of 4N 0 generations from the present) ranged from 0.0002 to 0.05 and bottleneck severities (measured in units of the current population size) from 0.001 to 0.5. Assuming for instance, N e of 200 000 and generation time of 25 years, the time range corresponds to between 4000 and 1 million years and severity from 0.1 to 50% of the current population size. In most bottleneck models tested, the ancestral and current effective population sizes were assumed to be equal, bottleneck duration (f) was fixed to f ¼ 0.0015 (units of 4N 0 generations from the present) and the growth rate of 10 was constant across simulations as in previous studies (Heuertz et al., 2006) . A subset of simulations were also run with f ¼ 0.006 and corresponding equal or doubled ancestral population size as compared with the current one, and also separately for a set of 11 and 9 loci (excluding lp3-3 and dhn1 and abaR, respectively as the later showed some evidence of selection). A schematic representation of the simulated bottleneck model is shown in Supplementary  Figure S4 . The simulation results for each demographic scenario were summarized using the program analyser HKA. The perl script multitest_pop1.pl was used to perform multi-locus tests of ms-generated genealogies (including P-values of the observed mean values of Tajima's D and Fay and Wu's H statistics) summarized using analyser HKA. The programs are available from http://genomics.princeton.edu/AndolfattoLab/ Andolfatto_Lab.html.
Results
Nucleotide polymorphism and divergence The average total nucleotide diversity (p) in Scottish populations at 11 loci was p tot ¼ 0.0078 and at nonsynonymous sites was p ns ¼ 0.0031 ( (Table 3) . (Tajima, 1989) . d H test (Fay and Wu, 2000) .
e Average values at 11 loci excluding lp3-3.
f Estimates based on informative sites at all loci, excluding lp3-3; '-' not estimated because of the low number of informative sites. *Statistically significant values based on coalescence simulations (1) without recombination and (2) with average recombination rate at six loci *Po0.05; ***Po0.01.
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Linkage disequilibrium and haplotype polymorphisms Rapid decay of LD between pairs of parsimony informative sites at 11 loci was found in Scottish populations, with r ¼ 0.0085±0.0009 (Table 2 ) and expected r 2 values of 0.2 at a distance of about 400 bp. The decay of LD in the western group (r ¼ 0.0074 ± 0.0008) was more rapid as compared with the south (0.0025 ± 0.0004) and east (0.0024 ± 0.0006) (Figure 2 ) and the pattern was constant at most loci (Supplementary Table  S3 ). Overall, Scottish populations had about three times slower decay of LD as compared with mainland populations at the same set of eight loci of similar sample size (r ¼ 0.0085±0.0009 vs 0.0245±0.0022, respectively) (Supplementary Figure S1) . However, the rate of decay of LD and the relative level of recombination to diversity (r/y ratio) were similar between western Scottish and north and central European regions (Table 3 ), but these parameters were over three times smaller in southern and eastern groups of Scotland.
The Table S4 and Supplementary Figure S2) . A neutral coalescence process, compatible with a constant-size neutral model without recombination or erroneous co-amplifications of different gene family members could potentially generate such a pattern. However, no reading-frame shifts or premature stop codons, which would suggest the presence of nonfunctional alleles, were found at the locus.
Neutrality tests
Tendency towards an excess of old over recent mutations across genes was detected by multi-locus Tajima's D at 11 loci in the total data set (D ¼ 0.118) ( (Table 3 ).
An excess of fixed non-synonymous over fixed synonymous substitutions and polymorphic sites was found at dhn1 locus in McDonald-Kreitman test (Fisher's exact test, P ¼ 0.05), as previously found in European (Wachowiak et al., 2009 ). An excess of non-synonymous sites as compared with synonymous sites was found at abaR (Supplementary Table S5 ). The level of divergence was similar across all sites and at silent sites only (B4%), and was slightly lower than previous estimates for Scots pine (K ¼ B0.05, Wachowiak et al., 2009) . Overall, positive correlation between polymorphism and divergence (HKA test) was found at 11 loci combined.
Population differentiation Differentiation between Scottish populations: Significant differentiation measured as an average over all polymorphic sites was found between southern and eastern groups at dhn1 (F ST ¼ 0.034, Po0.05) and between southern and eastern as compared with the western group at ccoaomt (F ST ¼ 0.149, Po0.05 and F ST ¼ 0.102, Po0.01, respectively) and lp3-1 (F ST ¼ 0.100, Po0.05 and F ST ¼ 0.197, Po0.001, respectively) (Supplementary Table  S6) . A difference in frequency of indel polymorphisms at dhn1, four silent substitutions and indel polymorphisms at lp3-1 and absence of four silent polymorphisms in the western group as compared with the others at ccoaomt locus contributed the most to the differentiation between groups. On the basis of the haplotype differentiation, the western group differed from the southern group at a3ip2 (S nn ¼ 0.629, Po0.05), lp3-1 (S nn ¼ 0.758, Po0.01) and at ccoaomt and lp3-1 on the basis of the K ST statistics (K ST ¼ 0.066 and 0.051, Po0.05, respectively). They also differ from the eastern group at lp3-1 locus (K ST ¼ 0.075, P50.05). Significant F ST statistics based on haplotype frequency were found for lp3-1 in the south and east as compared with western group (Po0.05) and nearly significant values for ccoaomt between south and west groups (P ¼ 0.06) (Supplementary Table S6 ). No difference between west-south, west-east and south-east groups were found on the basis of the average F ST over all polymorphic sites and indels combined across the loci (F ST ¼ À0.013, À0.013 and 0.01, respectively).
Differentiation between Scottish vs European continental populations:
On the basis of the allele frequency and/or haplotype diversity statistics Scottish populations were Table S7 ). Significant population differentiation (F ST ), measured both as an average over polymorphic sites and at the haplotype level, was found at dhn2, dhn7, abaR and chcs. On the basis of the average proportion of nearestneighbor haplotypes that are present in the same locality (S nn ) both groups were differentiated at dhn2, dhn7, dhy2PP and a3iP2 (Po0.001-0.05). Two loci, dhn2 and dhn7, also showed high similarity between pairs of sequences derived from each region (K ST ¼ 0.098 and 0.067, respectively, Po0.01).
Significant differentiation was found between Scottish populations vs continental European populations measured as an average of F ST values over all polymorphic sites detected (Table 4 ). The only exceptions include southern Scottish populations as compared with northern and central Europe, eastern Scottish compared with northern European and western Scottish compared with Spanish populations.
Analysis of genetic clustering with full sequence data gave the best support for all individuals from European mainland and Scottish populations at eight loci and for individuals from Scottish populations at 12 loci belonging to one genetic cluster. At all polymorphic sites and indels at both eight and 12 loci, the best support was obtained for four clusters, but without clear pattern of geographical distribution (Supplementary Figure S3) .
Coalescent simulations
For each geographic group of Scottish Scots pine populations the observed pattern of the frequency distribution spectrum was not compatible with either the standard neutral or growth models. In simulations under the standard neutral model and growth model the mean Tajima's D was significantly lower and Fay and Wu's H significantly higher than the observed values except for the southern group, the only one with positive mean H values (Table 5, Supplementary Table S8) . Among the 20 different bottleneck models tested the most compatible for the western group was a relatively recent bottleneck (t ¼ 0.00125) that reduced the population to 2% of the present size followed by moderate population growth (Table 5, Supplementary Table S9) . This model also held for the eastern group, but was always rejected for the southern group, where different bottleneck scenarios never led to positive values for both Tajima's D and Fay and Wu's H statistics (Supplementary Table S9 ). In general, the simulations indicate heterogeneity in the allelic frequency distribution among geographical regions in Scotland.
Discussion
Multi-locus signatures of population history The Scottish populations showed clear molecular signatures of different demographic histories. Across all regions, the allele frequency distribution was skewed towards intermediate frequency polymorphisms, and the rate of decline of LD was reduced and nucleotide diversity levels were equivalent to or higher than continental European populations of the species. The skew of allelic frequency distribution, apparent as positive values of Tajima's D, was in clear contrast to previous reports for this species in continental Europe (Palmé et al., 2008; Wachowiak et al., 2009) (Brown et al., 2004; Pyhäjärvi et al., 2007) or potentially the influence of recurrent selective sweeps (for example, Eckert et al., 2009) . In contrast, rather than range expansion, the bias towards intermediate-frequency polymorphisms in Scottish populations suggests the influence of a bottleneck although, as shown in recent simulation studies, a skew of allelic frequency variants may also result from pooling local samples with different demographic histories (Städler et al., 2009) . However, the bottleneck hypothesis was also supported by the overall pattern of LD, which showed a reduced rate of decline relative to continental European populations of the species. In coalescent simulations, the bottleneck scenario fits best for western populations and the data were compatible with a relatively recent, severe bottleneck. Depending on the effective population size and generation time assumed, this bottleneck ended a maximum of a few tens of thousands of ya (for example, about 25 000 ya assuming N e ¼ 200 000). Bottlenecking is expected to increase association (correlation among sites with distance) of alleles and polymorphic sites across loci. In Scottish populations, the decay of LD was almost three times slower than that in mainland populations. Reduced decay of LD has also been observed in populations of American P. taeda that had probably experienced bottlenecks (Brown et al., 2004; González-Martínez et al., 2006a) and contrasting allele frequency distributions were observed between northern populations and recently bottlenecked southern populations of Quercus crispula in Japan (where the latter showed positive Tajima's D, Quang et al., 2008) . Although there are exceptions (Grivet et al., 2009) , it is expected that bottlenecks should have a stronger impact on the allele frequency distribution spectrum and LD than on the overall level of diversity . Long-lived, wind-pollinated tree species should be capable of maintaining genetic diversity even during range shifts; that is, they are buffered against rapid changes in genetic variation due to fluctuations in population size (Austerlitz et al., 2000) . Indeed, relative to mainland European populations of Scots pine, Scottish populations did not show a decline in nucleotide diversity, as is expected where colonization has been relatively recent (Nei et al., 1975; Pannell and Dorken, 2006) . In fact, genetic variation in Scottish populations seems to be slightly higher than in mainland populations (y sil ¼ 0.011 vs 0.009, respectively) and relative to previous estimates for the species (y sil ¼ 0.005 at 16 loci with some related to timing of bud set and y sil ¼ 0.0089 at 14 cold-tolerance candidate loci (Wachowiak et al., 2009) ). Compared with estimates in other forest tree species, overall diversity in Scottish populations (p tot ¼ 0.0078) is only lower than that in broadleaved Populus tremula (0.0111, Ingvarsson, 2005) and is higher than that in Q. crispula, (0.0069, Quang et al., 2008) , Q. petraea (0.0062, Derory et al., 2009 ), P. pinaster (0.0055, Eveno et al., 2008 , P. taeda (0.0040, Brown et al., 2004) , Picea abies (0.0039, Heuertz et al., 2006) and other conifers . The diversity estimate for Scottish populations is compatible with the patterns of genetic variation observed in previous studies (monoterpenes Forrest, 1980; Forrest, 1982) , allozymes Kinloch et al., 1986) , chloroplast DNA microsatellite markers Provan et al., 1998) .
Although it seems clear that bottlenecking has been an influence on Scottish populations, estimation of the timing of the event is heavily dependent on various assumptions, including the effective population size and generation time estimates. For instance, in continental populations of Norway spruce and Scots pine, simulation studies suggested a rather ancient bottleneck that ended several hundred thousand to more than one million ya, respectively (Lascoux et al., 2008) . In our data, coalescent simulation of various demographic scenarios supported the conclusion that bottlenecking had occurred, but suggested more recent timing. A similar signal, suggesting bottlenecking on a timescale related to the most recent glaciation, was detected in Italian populations of Aleppo pine (Grivet et al., 2009) . Furthermore, the severity of the bottleneck experienced by Scottish populations appears to have been strong enough to account for the observed discrepancy in allelic frequency distributions and decay of LD, in contrast to continental European tree populations (Lascoux et al., 2008) .
However, as we observed heterogeneity in the pattern of nucleotide diversity among regions within Scotland, it seems likely that different parts of the population have experienced different demographic histories. The ratio of recombination to diversity and the level of LD in western Scottish populations were similar to those in mainland European populations, but about three times higher than those in southern and eastern Scottish groups. Various bottleneck scenarios could be clearly rejected for the southern group in our coalescent simulation analysis. The homogenizing effects of gene flow on genetic diversity are well known for highly outcrossing windpollinated species, and there is evidence for historically high gene flow among Scottish populations from work using chloroplast markers (Provan et al., 1998) . In addition, molecular and isozyme studies provide no suggestion of a difference in outcrossing rates between regions that could account for a difference in spatial distribution of polymorphism (Kinloch et al., 1986) . As, until recently, Scots pine covered large parts of Scotland, differentiation between regional groups due to genetic drift also seems unlikely, as this should be most significant for small populations (Pannell and Dorken, 2006) . Inter-regional differences also seem unlikely to be the result of selection. If this was the case, we would expect differences in the frequency distribution spectrum between groups or at least reduced diversity levels at selected loci. However, the observed dominance of intermediate frequency variants in all groups together with very rapid decay of LD (within a few hundred base pairs) excludes a selective sweep as an explanation. Furthermore, nucleotide and haplotype diversity is at least as high in southern and eastern groups as in the western group, whereas directional selection should reduce diversity. Therefore, overall, historical changes in population size and distribution seem a more plausible explanation for the pattern of nucleotide variation in Scottish populations and, as a single migration and bottleneck event cannot account for the observed pattern of diversity, it seems that heterogeneity within the Scottish population is most likely to be the result of admixture of populations from different origins.
Nucleotide diversity in Scots pine
W Wachowiak et al
Compared with continental Europe, southern and eastern groups of Scottish pines showed no overall difference in allele frequency distribution at polymorphic sites from north or central European populations, but differentiation from Spanish and Turkish populations. On the other hand, the western group was significantly differentiated from all mainland populations except those from Spain. In previous studies, populations from the west of Scotland were more closely related to southern European populations in monoterpene composition and isozyme frequency (Forrest, 1982) or geographically structured mtDNA variation (Sinclair et al., 1998) than to populations from north-central Europe, which were more similar to the southern and eastern Scottish pinewoods. Similarities between western Scotland and south European Scots pine could simply be stochastic, due to homogenising selection for similar environments or, alternatively, could reflect common ancestry of the populations. Genetic similarity at mtDNA markers (maternally transmitted in pines) suggests the latter. However, as Iberian populations did not contribute to the most recent recolonization of central and northern Europe (Tobolski and Hanover, 1971; Prus-Glowacki and Stephan, 1994; Soranzo et al., 2000; Pyhäjärvi et al., 2008) , this genetic similarity would reflect a common origin predating the last glacial period. Therefore, contemporary Scottish populations may originate from western populations that survived the last glaciation in southwestern parts of the British Isles, western continental Europe (Ballantyne and Harris, 1994; Bennett, 1995) or now-submerged parts of the continental shelf. Future genetic studies at more loci (including new mtDNA markers) and in more populations would allow more precise assessment of the spatial distribution of haplotypes in Scottish and mainland populations and testing of colonization hypotheses. This should soon be feasible as new genomic resources for pine, including multiple nuclear and mtDNA loci, are currently being developed (for example, through the EVOLTREE Network of Excellence).
Effects of selection at individual loci At mutation-drift equilibrium, genetic drift and gene flow influence the level of differentiation between populations for selectively neutral markers (Kawecki and Ebert, 2004; . Little differentiation between Scottish and mainland European populations of Scots pine at neutral markers (Kinloch et al., 1986; Prus-Glowacki and Stephan, 1994; Provan et al., 1998) , but divergence at quantitative traits for characters of adaptive importance (for example, phenology, growth and survival rates, Ennos et al., 1998; Worrell, 1992; Hurme et al., 1997) suggests that selection is driving adaptive differentiation in both geographical regions. As they differ significantly in climatic, edaphic and biotic conditions, it is possible that observed nucleotide and/or haplotype differentiation at dhn2 and dhn7 and some differences in the allele-frequency spectrum at dhy2PP, abaR, a3iP2 and chcs may be due to selection. Similarly, reduced nucleotide and haplotype diversity and a difference in the frequency and distribution of polymorphism found at lp3-1 and ccoaomt in the western as compared with the southern and eastern groups of Scottish populations could have been affected by diversifying selection at the range edge where populations are under direct oceanic influence. In contrast, the haplotype dimorphism at lp3-3 could potentially result from the long-term action of balancing selection, maintaining variation across geographical regions. However, as admixture at lp3-3 cannot be ruled out, a study of nucleotide polymorphism in mainland European populations would be necessary to verify whether or not balancing selection has been an influence at this locus.
Some of the loci analyzed showed distinct nucleotide diversity patterns relative to genetic background in other species (for example, lp3-1 and ccoaomt in P. pinaster Eveno et al., 2008 , ccoaomt in P. taeda, González-Martínez et al., 2006a . Although there is accumulating evidence on the polygenic character of adaptive traits from quantitative trait loci studies (Howe et al., 2003; Buckler et al., 2009) , it remains unclear whether or not there are genes of major effect that contribute to adaptive variation in conifers. In the case of Scottish pinewoods, adaptation was probably driven by postglacial migration from a predominantly continental to an oceanic environment over the past B7000 yrs. For long-lived conifers, adaptive differentiation would be expected to occur over several dozens of generations after vicariance. However, even though selection can be very effective in species with large population sizes, the time since the last glaciation seems too short for pine species to have accumulated new mutations that could be rapidly fixed by selection. Adaptive divergence is, therefore, more likely to result from selection acting on standing variation, which may have arisen in endemic populations that survived last glaciations in Western Europe or the British Isles. Moreover, as differentiation at the trait level in forest trees is likely to result from allelic associations among large numbers of loci, rather than changes in allelic frequencies at individual loci, the signature of selection may be more readily detectable as covariance of allele frequencies at multiple loci (Le Corre and Kremer, 2003; Latta, 2004; Derory et al., 2009) . Therefore many more loci, including regulatory regions (to date, generally omitted from analyses of nucleotide variation in conifers), would need to be studied in parallel before the influence of selection could be verified. Scottish populations, which show considerable ecological, phenotypic and genetic diversity over short geographic distances, represent an excellent study system for multi-locus analysis of complex trait variation (Neale and Savolainen, 2004; González-Martínez et al., 2006b) . Such studies will, however, have to take into account the potential role of recent population history in shaping patterns of nucleotide diversity, and, therefore, ensure that sampling is conducted at sufficient density to control for historical influences. Association studies of allelic variants and adaptive variation at quantitative traits between individuals from different, locally adapted populations could also better validate the signatures of selection and the functional role of the nuclear genes studied.
